Abstract Cardiac aging is manifested as cardiac remodeling and contractile dysfunction although precise mechanisms remain elusive. This study was designed to examine the role of endothelin-1 (ET-1) in aging-associated myocardial morphological and contractile defects. Echocardiographic and cardiomyocyte contractile properties were evaluated in young (5-6 months) and old (26-28 months) C57BL/6 wild-type and cardiomyocytespecific ET A receptor knockout (ETAKO) mice. Cardiac ROS production and histology were examined. Our data revealed that ETAKO mice displayed an improved survival. Aging increased plasma levels of ET-1 and Ang II, compromised cardiac function (fractional shortening, cardiomyocyte peak shortening, maximal velocity of shortening/relengthening and prolonged relengthening) and intracellular Ca 2? handling (reduced intracellular Ca 2?
Introduction
Cardiac aging, an irreversible biological process, is manifested as a drastic decrease in pump function and contractile reserve [23] [24] [25] . Aging-associated cardiac defect en route to heart failure is considered to attribute to the high morbidity and mortality in the elderly [25, 49] .
A number of theories have been postulated for senescence-induced changes in myocardial function and remodeling, including diminution of intrinsic cardiac contractile properties resulting from b-myosin heavy chain reexpression, defective intracellular Ca 2? transport by sarcoplasmic reticulum, prolongation of action potential duration, mitochondrial injury, accumulation of free radicals or reactive oxygen species (ROS), deterioration in vascular function, interaction between occult diseases and physical inactivity, as well as loss of ischemic preand post-conditioning protection [2-4, 19, 22, 25, 26, 48, 49] . In consequence, aged hearts often display a loss of adaptive capacity in response to mechanical or pathological stresses such as acute ischemia [2, 4] . Recent evidence suggested a rather important role for autophagy, energy metabolism and mitochondrial biogenesis in the onset and progression of cardiac aging [7, 27, 32, 34, 39, 40] . Nonetheless, the precise pathophysiology of cardiac aging has not been carefully defined.
Endothelin-1 (ET-1) is a potent vasoconstrictor secreted by endothelium. ET-1 exerts its biological action through its membrane receptors namely ET A and ET B [47] . ET A is abundant in cardiomyocytes, whereas ET B is mostly found in endothelial cells as well as cardiomyocytes [37] . ET-1 is capable of exerting profound cardiovascular effects including regulation of vascular tone, positive inotropic and chronotropic properties as well as cell hypertrophy in the heart [18, 19, 31] . ET-1 may be produced in the heart in response to a variety of stresses including aging. An agingrelated change in circulating ET-1 levels and ET receptors, similar to that of the well-known vasoconstrictor angiotensin II (Ang II), has been reported [1, 8, 43, 50] . Therefore, this study was designed to examine the role of ET-1 cascade in particular ET A receptor in aging-induced cardiac remodeling and contractile dysfunction. We took advantage of a murine model of cardiomyocyte-specific ET A knockout which displays a *80 % loss in cardiac ET A mRNA level [20] . Myocardial histology, contractile and intracellular Ca 2? properties were examined in wildtype C57/BL6 and ET A knockout mice. To elucidate the underlying mechanism(s) involved in aging and/or ET A knockout-induced cardiac responses, myocardial autophagy and ROS were examined. Autophagy is a cytoprotective mechanism to remove aberrant or dysfunctional molecules and intracellular organelles [7, 9, 13, 14, 35] . Autophagy is initiated with formation of the doublemembrane autophagosmes involving elongation of isolated membrane and maturation of autophagosome followed by infusion of autophagosome with lysosome [7, 9, 10, 14] . To this end, the key autophagy-related genes including beclin-1, Atg5, Atg7, microtubule-associated protein 1 light chain 3 (LC3B or Atg8) and the autophagosome cargo protein p62 were scrutinized in young or old C57/BL6 and ET A knockout mice. Given the essential role of autophagosome removal in autophagy regulation [14] , LC3B and p62 were evaluated in myocytes exposed to exogenous ET-1 in the absence (steady-state autophagosomes) or the presence (cumulative autophagosomes) of a mixture of lysosomal inhibitors. As ET B receptor becomes the dominant ET-1 receptor in cardiomyocyte-specific ET A knockout mice where ET A receptor may be dispensable for cardiac homeostasis [20] , in vivo treatment of the ET A antagonist BQ123 and the ET B receptor antagonist BQ788 was performed in young and old mice prior to mechanical assessment.
Materials and methods
Experimental animals, treatment of ET-1 receptor antagonists and autophagy inhibitor All animal procedures described here were approved by the Institutional Animal Use and Care Committee at the University of Wyoming (Laramie, WY, USA). The cre/loxP technique was employed to generate mice with the ET A gene deleted specifically in cardiomyocytes. The cre recombinase transgene driven by the a-myosin heavy-chain promoter deleted the floxed ET A allele in the heart, resulting in a 78 % reduction in cardiac ET A mRNA levels [20] . Young (4-to 5-month-old) and old (26-to 28-monthold) male cardiomyocyte-specific ET A receptor knockout (ETAKO) and age-/gender-matched wild-type C57BL/6 J mice were used. To examine the effect of ET A and ET B receptor antagonism on cardiac aging, a cohort of young and old C57BL/6 J mice were treated with the ET A receptor antagonist BQ123 or the ET B receptor antagonist BQ788 (1 mg/kg/d, i.p.) for 28 days [6, 33] in the presence or absence of autophagy inhibitor 3-MA (10 mg/kg, once a week, i.p.) [12] . Mice were maintained on a 12:12-h lightdark illumination cycle with access to food and water ad libitum.
Blood pressure, plasma levels ET-1 and Ang II Systolic, diastolic and mean blood pressures were examined using a KODA semi-automated, amplified tail cuff device (Kent Scientific Corporation, Torrington, CT, USA). Mice were placed in a temperature-controlled restrainer on a warm pad for 30 min before measurements were taken. A mean of three readings was taken as respective blood pressure value. Upon killing, trunk blood was collected in chilled tubes and microfuged at room temperature before the plasma was transferred to ice-cold methanol (100 %). Plasma ET-1 levels were determined using an ET-1 enzyme immunometric assay kit (Assay Designs, Inc. Ann Arbor, MI, USA) based on a doubleantibody sandwich technique [46] . The detection threshold for ET-1 was 0.14 pg/ml. Plasma AngII levels were measured using an ELISA kit (Cayman Chemicals, Ann Arbor, MI, USA) [44] . The detection threshold for Ang II was 1.5 pg/ml.
Echocardiographic assessment
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5 %, 10 ll/g bw, i.p.) mice using a 2-D guided M-mode Sonos 5500 echocardiography (Phillips Medical Systems, Andover, MD, USA) equipped with a 15-6 MHz linear transducer. Hearts were imaged in 2-D mode in the parasternal long-axis view with a depth of 2 cm. A M-mode cursor was then positioned perpendicular to interventricular septum and posterior wall of the left ventricular (LV) at the level of the papillary muscles in the 2-D mode. The sweep speed was 100 mm/s at the M-mode. Diastolic wall thickness, LV end diastolic dimension (EDD) and LV end systolic dimension (ESD) were measured from leading edge to leading edge in accordance with the Guidelines of the American Society of Echocardiography [28] . The percentage of LV fractional shortening was calculated as [(EDD-ESD)/EDD]9100. Heart rates were averaged over 10 cardiac cycles [16] .
Isolation of murine cardiomyocytes
Cardiomyocytes were enzymatically isolated as described [16] . Briefly, hearts were removed and perfused (37°C) with oxygenated (5 % CO 2 10 Glucose and 10 HEPES, at pH 7.4. Cells were fieldstimulated with suprathreshold voltage at the frequency of 0.5 Hz unless otherwise stated, with a 3-ms duration, using a pair of platinum wires placed on opposite sides of the chamber and connected to an electrical stimulator (FHC Inc, Brunswick, NE,USA). The myocyte being studied was displayed on a computer monitor using an IonOptix MyoCam camera. IonOptix SoftEdge software was used to capture changes in cell length during shortening and relengthening. Cell shortening and relengthening were assessed using the following indices: peak shortening (PS), maximal velocities of cell shortening and relengthening (±dL/dt), time-to-PS (TPS), time-to-90 % relengthening (TR 90 ). In the case of altering stimulus frequency, the steady-state contraction of myocyte was achieved (usually after the first six beats) before PS amplitude was recorded at 0.1, 0.5, 1.0, 3.0 and 5.0 Hz.
Intracellular Ca 2? transients
Separate cohorts of myocytes were loaded with fura-2/AM (0.5 lM) for 15 min, and fluorescence intensity was measured with a dual-excitation fluorescence photomultiplier system (IonOptix). Myocytes were placed on an inverted Olympus microscope and imaged through a Fluor 409-oil objective. Cells were exposed to light emitted by a 75-W mercury lamp and passed through either a 360-nm or a 380-nm filter. The myocytes were stimulated to contract at 0.5 Hz. Fluorescence emissions were detected between 480 and 520 nm by a photomultiplier tube after cells were first illuminated at 360 nm for 0.5 s and then at 380 nm for the duration of the recording protocol (333 Hz sampling rate). The 360-nm excitation scan was repeated at the end of the protocol, and qualitative changes in intracellular Ca 2? concentration were inferred from the ratio of the fluorescence intensity at two wavelengths. Intracellular Ca 2? decay rate was calculated from both single and bi-exponential curve fitting [16] .
Histological examination
Hearts were harvested and sliced at mid-ventricular level followed by fixation with normal buffered formalin. Paraffin-embedded transverse sections were cut in 5-lm sections and stained with Masson trichrome [11] . Sections were photographed with a 409 objective of an Olympus BX-51 microscope equipped with an Olympus MaguaFire SP digital camera. Five random fields from each section (3 sections per mouse) were assessed for fibrosis. To determine fibrotic area, pixel counts of blue stained fibers were quantified using Color range and Histogram commands in Photoshop. Fibrotic area was calculated by dividing the pixels of blue stained area to total pixels of non-white area. For cross-sectional measurement, transverse sections of myocardium were stained with the FITC-conjugated wheat-germ agglutinin [41] and were mounted with Vectashield prior to analysis with NIH ImageJ software.
ROS production
Production of intracellular ROS was evaluated by analyzing the fluorescence intensity that resulted from oxidation of the intracellular fluoroprobe 5-(6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCF). In brief, cardiomyocytes were loaded with 10 lM DCF at 37°C for 30 min. The fluorescence intensity was measured using a fluorescent microplate reader at an excitation wavelength of 480 nm and an emission wavelength of 530 nm. Untreated cells showed no fluorescence and were used to determine background fluorescence [40] .
Protein carbonyl assay
To assess cardiac oxidative damage, the tissue protein carbonyl content was determined as described [11] . Briefly, proteins were extracted and minced to prevent proteolytic degradation. Nucleic acids were eliminated by treating the samples with 1 % streptomycin sulfate for 15 min, followed by a 10-min centrifugation (11,0009g) . Protein was precipitated by adding an equal volume of 20 % TCA to protein (0.5 mg) and centrifuged for 1 min. The TCA solution was removed and the sample resuspended in 10 mM 2,4-dinitrophenylhydrazine (2,4-DNPH) solution. Samples were incubated at room temperature for 15-30 min. Following a 500 ll of 20 % TCA addition, samples were centrifuged for 3 min. The supernatant was discarded, the pellet washed in ethanol:ethyl acetate and allowed to incubate at room temperature for 10 min. The samples were centrifuged again for 3 min and the ethanol:ethyl acetate steps repeated two more times. The precipitate was resuspended in 6 M guanidine solution, centrifuged for 3 min and insoluble debris removed. The maximum absorbance (360-390 nm) of the supernatant was read against appropriate blanks (water, 2 M HCl) and the carbonyl content was calculated using the molar absorption coefficient of 22,000 M -1 cm -1 .
Western blot analysis
Expression of the essential autophagic markers, Beclin-1, Atg 7, Atg 5 and LC3B, the intracellular Ca 2? regulatory proteins, sarco(endo)plasmic reticulum Ca 2? -ATPase isoform 2a (SERCA2a) and phospholamban, the hypertrophic markers, GATA4, ANP, NFATc3 and phosphorylated NFATc3 as well as the endoplasmic reticulum stress markers, Bip, CHOP and calcineurin, were examined by Western blot analysis. The protein was prepared as described [16] . Samples containing equal amount of proteins were separated on 10 % SDS-polyacrylamide gels in a minigel apparatus (Mini-PROTEAN II, Bio-Rad) and transferred to nitrocellulose membranes. The membranes were blocked with 5 % milk in TBS-T and were incubated overnight at 4°C with rabbit polyclonal anti-ET A R (1:1,000), rabbit polyclonal anti-ET B R (1:1,000), rabbit monoclonal anti-Beclin-1 (1:1,000), rabbit monoclonal anti-Atg7 (1:1,000), rabbit anti-Atg5 (1:1,000), rabbit anti-LC3B (1:1,000), guinea pig polyclonal anti-p62/SQSTM1 (1:1,000), rabbit monoclonal anti-SERCA2a (1:1,000), rabbit monoclonal anti-phospholamban (1:1,000), rabbit polyclonal anti-Na ? -Ca 2? exchanger, rabbit anti-GATA4 monoclonal (1:1,000), rabbit monoclonal anti-ANP (1:1,000), rabbit monoclonal anti-NFATc3 (1:1,000), rabbit monoclonal anti-pNFATC3 (1:1,000), rabbit anti-Bip monoclonal (1:1,000), mouse monoclonal anti-CHOP (1:1,000) and rabbit monoclonal anti-calcineurin (1:1,000) antibodies. Anti-SERCA2a was purchased from Affinity BioReagents (Golden, CO, USA). Anti-anti-ET A R and anti-phospholamban antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-ANP antibody was purchased from Santa Cruz (Santa Cruz, CA, USA). All other antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA). After immunoblotting, the film was scanned and the intensity of immunoblot bands was detected with a Bio-Rad Calibrated Densitometer. GAPDH was used as the loading control.
ET A receptor blockage in H9C2 myoblasts
Given the poor viability of murine cardiomyocytes in culture over time, rat embryonic cardiac myoblast cells (H9C2) [15, 17] obtained from ATCC (Manassas, VA, USA) were used for this part of study. Cells were incubated in 6-well plates at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin under a humidified atmosphere with 5 % CO2. Cells were treated with endothelin-1 (ET-1, 10 nM) for 24 h in the absence or presence of the ET A receptor blocker BQ123 or the autophagy inducer rapamycin prior assessment of protein expression.
Statistical analysis
Data were mean ± SEM. The log rank test was used for Kaplan-Meier survival comparison. Statistical significance (p \ 0.05) was estimated by a one-way analysis of variance (ANOVA) followed by the Newman-Keuls post hoc analysis.
Results
General biometric and echocardiographic properties of C57BL/6 and ETAKO mice As expected, increased age significantly elevated body and heart weights with lesser effects on liver and kidney weights. The organ sizes of heart, liver and kidney were unaffected by aging. ET A receptor knockout did not affect body or organ weights although it significantly alleviated aging-induced cardiac hypertrophy. Aging elicited a subtle but significant increase in systolic blood pressure without affecting diastolic and mean blood pressures, the effects of which were unaffected by ET A knockout. Plasma levels of ET-1 and Ang II were both elevated in aging groups, the effects of which were unaffected by ET A knockout. Heart rate and LV EDD were comparable among all groups. While ET A knockout did not affect wall thickness, LV mass, normalized LV mass, ESD and fractional shortening at young age, it attenuated or mitigated aging-induced increase in wall thickness, LV ESD, LV mass and normalized LV mass as well as decline in fractional shortening (Table 1 ). These findings suggest that ET A knockout ameliorates aging-induced cardiac remodeling and contractile dysfunction. The Kaplan-Meier curve depicts that ET A knockout mice display significantly better survival rates than C57BL/6 mice. The median lifespan was 25.2 and 30.3 months for C57BL/6 and ET A knockout groups, respectively. Survival curves of the two mouse lines begin to separate from each other after *15 months of age with ET A knockout mice exhibiting a reduced mortality rate (Fig. 1a) .
Effects of ET A knockout on aging-induced changes in ET A and ET B receptor expression As expected, protein levels of ET A receptor were significantly diminished in hearts from cardiomyocyte-specific ET A knockout mice. Aging significantly upregulated expression of ET A receptor, but the effect was blunted in the ET A knockout mice. Consistent with our earlier report [20] , ET A knockout triggered a subtle but significant increase in ET B receptor expression. Aging did not affect the level of ET B receptor although it removed ET A knockout-elicited change in ET B receptor seen at young ages (Fig. 1b, c ).
Mechanical and intracellular Ca 2? properties of cardiomyocytes
Mechanical properties revealed comparable resting cell length regardless of age or ET A knockout (data not shown). Aging significantly reduced peak shortening and maximal velocity of shortening/relengthening (±dL/dt) and prolonged TR 90 associated with similar TPS, the effects of which were attenuated or ablated by ET A knockout. ET A knockout itself did not exert any notable effect at young ages (Fig. 2) . Given that rodent hearts normally contract at high frequencies, we evaluated the impact of aging and/or ET A knockout on cardiac contractile function under higher frequencies (up to 5.0 Hz). Cardiomyocytes were initially stimulated to contract at 0.5 Hz for 5 min to ensure steady state before commencing the frequency response. Figure 3 displays a negative staircase of peak shortening amplitude with increased stimulus frequencies in all four groups with a steeper decline in aged C57BL/6 mice. Although ET A knockout did not affect the frequency-peak shortening relationship in young mice, it negated aging-induced steeper decline in peak shortening with increased stimulus frequencies. Resting cell length was comparable among all four groups at the frequencies tested. These data favor a possible role of improved intracellular Ca 2? cycling underneath ET A knockout-elicited cardioprotection against aging.
To better understand the mechanism(s) underneath ET A knockout-offered beneficial effects against cardiac aging, fura-2 fluorescence was monitored to evaluate intracellular Ca 2? handling properties. Cardiomyocytes from aged C57BL/6 mice displayed reduced intracellular Ca 2? release in response to electrical stimuli (DFFI) and prolonged intracellular Ca 2? decay (both single or bi-exponential curve fitting) along with unchanged resting intracellular Ca 2? (resting FFI), the effect of which was reconciled by ET A knockout. ET A knockout did not alter intracellular Ca 2? homeostasis at young ages (Fig. 4) .
Effect of ET A knockout on myocardial histology in aging
To assess the impact of ET A knockout on myocardial histology in aging, cardiomyocyte cross-sectional area and interstitial fibrosis were examined. Data from the wheat germ agglutinin staining revealed an increased cardiomyocyte cross-sectional area in aging, consistent with the higher LV mass and heart weight in aged C57BL/6 mice. ET A knockout significantly attenuated aging-induced cardiomyocyte hypertrophy. Likewise, the Masson's trichrome staining revealed overt myocardial interstitial fibrosis in aged C57BL/6 myocardium, the effect of which was significantly dampened by ET A receptor knockout. Last, ET A knockout did not affect cardiomyocyte crosssectional area and interstitial fibrosis at young ages ( Fig. 5a-d) .
Effect of ET A knockout on aging-induced ROS production and protein carbonyl formation To examine the potential mechanism of action behind the ET A receptor knockout-elicited protection against aginginduced cardiac geometric and contractile anomalies, ROS production was examined in cardiomyocytes from C57BL/6 and ET A knockout mice at both young and old ages. Results shown in Fig. 5e-f exchanger. Assessment of cardiac hypertrophic markers revealed that elevated expression of GATA4 and ANP along with increased phosphorylation of NFATc3 in aged C57BL/6 hearts. ET A receptor knockout significantly attenuated or nullified aging-induced increase in the levels of GATA4, ANP and phosphorylated NFATc3. Last but not least, ET A knockout did not affect the levels of GATA4, ANP and phosphorylated NFATc3 at young ages (Fig. 6) .
Effects of ET A knockout on aging-induced autophagy response
To explore if autophagy contributes to ET A knockoutoffered cardioprotection against aging, levels of autophagic markers Beclin-1, Atg7, Atg5, LC3B and the autophagosome cargo adaptor p62 were evaluated in young or old C57BL/6 and ET A knockout mice. Our results depict that aging significantly downregulated the levels of Beclin-1, Atg7, Atg5 and LC3B II/I ratio while upregulated p62 levels, the effects of which were significantly attenuated or mitigated by ET A receptor knockout. ET A knockout failed to alter levels of these autophagic markers at young ages ( Fig. 7a-f) .
Effects of ET A knockout on aging-induced ER stress response
As depicted in Fig. 7g-i , Western blot analysis demonstrated a robust decrease in ER stress proteins including Bip, CHOP and a subtle but significant increase in calcineurin level in aged C57BL/6 hearts. ET A knockout significantly attenuated or obliterated aging-induced changes in these ER stress markers. ET A knockout did not exert any notable effect on the levels of these proteins.
Effect of ET A receptor blockade on ET-1-induced autophagic and hypertrophic responses in H9C2 myoblasts
To further consolidate aging and/or ET-1-elicited responses in cardiac autophagy and hypertrophy, Western blot analysis was performed on the essential autophagic and hypertrophic protein markers including Beclin-1, Atg7, Atg5, LC3B and ANP in H9C2 myoblasts incubated with ET-1 (10 nM) for 24 h in the absence or presence of the ETA receptor blocker BQ123 (1 lM) or the autophagy inducer rapamycin (5 lM). Our data shown in Fig. 8 depicted that ET-1 exposure significantly downregulated levels of Beclin-1, Atg7, Atg5 and LC3B II/I ratio, indicative of suppressed autophagic responses. Interestingly, both BQ123 and rapamycin rescued against ET-1-induced loss of autophagy. Both BQ123 and rapamycin triggered a subtle although significant increase in autophagy (as evidenced by Atg7, Atg5 and the steady-state LC3B ratio but not Beclin-1). Meanwhile, ET-1 significantly elevated expression of the hypertrophic markers ANP, GATA4 and phosphorylated NFATc3, the effect of which was attenuated by both BQ123 and rapamycin ( Fig. 8 and supplemental Fig. 1 ). Neither BQ123 nor rapamycin exerted any notable effect on ANP by themselves. Assessment of autophagic flux revealed that lysosomal inhibition partially 
reversed ET-1-induced decrease in LC3B II/I ratio (cumulative autophagosome formation) without eliciting any effect by itself. Meanwhile, ET-1 and mixed lysosomal inhibitors both significantly upregulated levels of the autophagosome cargo protein p62 without any additive effect between the two. To further delineate the potential contribution of ET-1 receptor subtypes and autophagy in cardiac aging, young and old mice were treated with the ET A receptor antagonist BQ123 or the ET B receptor antagonist BQ788 for 4 weeks in the absence or presence of autophagy inhibition using 3-methyladenine (3-MA). Resting cell length was comparable among all groups regardless of aging or drug treatment. Aging decreased peak shortening and ±dL/dt, prolonged TR 90 associated with similar TPS, the effects of which obliterated by BQ123 but not BQ788 or 3-MA. Interestingly, 3-MA nullified ET A receptor antagonisminduced beneficial effect against cardiac aging. None of the pharmacological inhibitors elicited any notable mechanical effect themselves (Fig. 9) . To better understand the mechanism(s) of action behind ET-1 receptor antagonism were significantly improved by BQ123, but not BQ788 or 3-MA. Intriguingly, 3-MA treatment nullified ET A receptor antagonism-induced beneficial effect against aging-induced intracellular Ca 2? derangement. Last but not least, none of the pharmacological inhibitors employed altered intracellular Ca 2? homeostasis themselves (Fig. 10) .
Discussion
Myocardial morphometric and functional findings from the present study demonstrated that ET A receptor knockout significantly attenuated or ablated aging-induced cardiac geometric and contractile dysfunction. Our data revealed that ET A receptor knockout significantly ameliorated aging-induced ROS generation, protein damage, decrease in autophagosome formation and interruption in autophagy flux. The inhibitory of ET-1 on autophagy flux received further support from lysosomal inhibition findings. Our in vitro data also depicted that ET-1-induced autophagy and increase in hypertrophic markers GATA4, ANP and phosphorylated NFATc3 may be attenuated or reconciled by the ET A receptor antagonist BQ123 and the autophagy inducer rapamycin. Short-term treatment of the ET A , but not ET B receptor antagonist, improved aging-associated cardiomyocyte mechanical properties, the effect of which was offset by autophagy inhibition. Given that plasma ET-1 levels and ET A receptor expression are elevated in aging, our findings supported a pivotal role of ET-1 system in particular ET A receptor in aging-associated cardiac geometric and contractile defect. This is supported by a better survival rate of the ET A knockout mice compared with the C57BL/6 wild-type mice. More importantly, our findings favor a role of autophagy in aging and ET A receptor knockout-induced cardiac geometric and functional changes. These findings suggest the potential of ET A receptor as a target in the treatment of cardiac aging-related remodeling and contractile defects. Our data revealed that aging elicited a subtle although significant rise in systolic blood pressure, consistent with the elevated plasma Ang II levels with aging and the reported positive correlation between age and blood pressure [30, 43] . Inhibition of the Ang II cascade has been demonstrated to prolong life and retard aging-associated complications [43] . Our observation that cardiomyocytespecific ET A knockout failed to affect age-associated changes in systolic blood pressure and plasma Ang II levels did not favor a major role of blood pressure and Ang II in ET A knockout-elicited beneficial effects. Changes in myocardial morphology and contractile function have been reported in aging hearts characterized by cardiac hypertrophy, intracellular Ca 2? dysregulation, compromised contractility and prolonged diastolic duration [21, 26, 48, 49] . This is in line with the findings of our study in that echocardiographic and cardiomyocyte contractile parameters are compromised in aged C57BL/6 mice in conjunction with intracellular Ca decay rate. Treatment of ET A , but not ET B , receptor antagonist mimicked ET A receptor knockout-elicited beneficial effects on cardiomyocyte mechanical properties. These observations favor a prominent role of ET-1 signaling cascade, in particular ET A receptor, in cardiac geometric and functional alterations associated with aging. ET A knockout attenuated aging-induced increase in ESD along with the preserved EDD, likely to be responsible for the improved fractional shortening parameter in aged ET A knockout mice. Myocardial hypertrophy and fibrosis are common manifestations of aging heart and may lead to heart failure [5, 29, 36, 42] . Our data revealed that ET A knockout attenuated aginginduced changes in LV mass, heart weight, cardiomyocyte Fig. 6 Changes of intracellular Ca 2? regulating and hypertrophic proteins in myocardium from young or old C57BL/6 and ETAKO mice. a Representative gel blots depicting expression of SERCA2a, phospholamban, Na ? -Ca 2? exchanger, GATA4, phosphorylated NFATc3 (pNFATc3), ANP and GAPDH (loading control) using specific antibodies; b SERCA2a; c Phospholamban; d SERCA2a-toPhospholamban ratio; e Na ? -Ca 2? exchanger; f GATA4; g ANP and h pNFATc3. Mean ± SEM, n = 5-7, *p \ 0.05 vs. corresponding young group; size, interstitial fibrosis and hypertrophic markers (ANP, GATA4 and NFATc3 phosphorylation), suggesting a beneficial role of antagonism against ET A receptor against cardiac aging. In addition, ET A knockout itself did not alter cardiac geometric and mechanical properties, indicating the genetic manipulation is not innately harmful to the heart. Several scenarios may be considered with regard to the possible mechanisms behind the beneficial effects of ET A receptor knockout or antagonism. First, ET A knockout attenuated aging-induced ROS production, suggesting a role of ROS scavenging in ET A knockout-elicited protection against cardiac aging. Generation of ROS in particular free radicals is known to play a pivotal role in cardiac remodeling and contractile dysfunction in aging [19, 23, 25, 40, 49] . Second, aged C57BL/6 cardiomyocytes displayed unchanged resting intracellular Ca 2? levels and decreased intracellular Ca 2? release in response to electrical stimulus and delayed intracellular Ca 2? clearance, somewhat in line with our previous reports [26, 48] . Although ET A knockout or receptor antagonism with BQ123 did not affect intracellular Ca 2? homeostasis in young mice, it attenuated or ablated aging-induced changes in intracellular Ca 2? . These findings depict that ET A receptor knockout or inhibition may rescue aging-induced disruption of intracellular Ca 2? handling. This notion is supported by the restored stress tolerance shown as lessened negative peak shortening-frequency in aging. Loss of SERCA2a and the SERCA2a-to-phospholamban ratio may account for, at least in part, intracellular Ca 2? mishandling, prolonged intracellular Ca 2? clearance and cardiac relaxation, as well as reduced stress tolerance in aging hearts although further study is warranted. Third, data from our study also revealed that levels of ER stress markers (Bip and CHOP) were reduced or increased (calcineurin A) in aged C57BL/6 mice, the effect of which was attenuated or ablated by ET A knockout. Up-to-date, little is known for the correlation between aging and ER stress in the heart although findings from our study favor a beneficial role of ER stress in ET A knockout-induced protection against aging. The increase in calcineurin A in aging hearts may be due to a compensatory response. Further study is warranted to explore the role of ER stress in cardiac aging and ET A knockout-exerted beneficial effects.
Perhaps the most interesting findings from our study were that ET A knockout attenuated or reversed aginginduced downregulation of autophagy markers as well as interruption of autophagic flux. ET A knockout attenuated or reversed aging-induced reduction in the levels of Beclin-1, Atg7, Atg5 and LC3B while partially increasing aginginduced rise in the autophagosome cargo protein p62. The potential role of autophagy in ET A knockout-offered cardioprotection in aging was consolidated by the observation that autophagy inhibition using 3-MA ablated ET A receptor antagonist BQ123-induced cardioprotective effect against aging. A number of reports have depicted reduced autophagosome formation or autophagy flux with aging, which may be speculated to contribute to aging-associated accumulation of damaged intracellular components in almost all model organisms thus resulting in altered cellular homeostasis and loss of function in aging [7, 16, 38, 51] . It is likely that the reduced autophagic activity may contribute to the aging-associated cardiac hypertrophy and contractile dysfunction [9, 45] . Autophagy is well known to antagonize cardiac hypertrophy by increasing protein degradation, which decreases tissue mass. However, the rate of protective autophagy declines with aging, leading to a state where the heart is unable to remove damaged structures and thus resulting in garbage accumulation (abnormal intracellular protein aggregates and undigested materials). Reduced autophagy in aging eventually results in enhanced oxidative stress, decreased ATP production, collapse of cellular catabolic machinery and cell death [9, 45] . In our hands, aging overtly inhibited initial autophagosome formation (shown as reduced LC3B) despite interrupted lysosomal degradation (evidenced as elevated p62), the effects of which were partially or completely reversed by ET A knockout. In vitro finding revealed that ET-1 exposure mimicked lysosomal inhibitors in promoting p62 accumulation (Fig. 8h) , consolidating the inhibitory effect of ET-1 on autophagic flux. The subtle, although significant, rise of LC3B elicited by lysosomal inhibitors following ET-1 challenge (Fig. 8g) may be due to rather limited initial autophagosome formation. Our finding suggested that ET A knockout attenuated or reversed aging-induced decline in autophagy in conjunction with hypertrophy (gross, histological findings or protein makers GATA4, ANP and pNFATC3). This is in concert with the in vitro findings that autophagy inducer rapamycin rescued against ET-1-induced cardiomyocyte hypertrophy in H9C2 myoblasts. Although it is beyond the scope of our current study, several theories have been postulated to contribute to aging-associated decline in autophagy. First, the slow build-up of the undigested materials such as lipofuscin Fig. 8 Changes of autophagic and hypertrophic markers in H9C2 myoblasts. H9C2 cells were exposed to endothelin-1 (ET-1, 10 nM) for 24 h in the absence or presence of the ET A receptor blocker BQ123 (1 lM), the autophagy inducer rapamycin (RAP, 5 lM) or a mixed lysosomal inhibitors [bafilomycin A1 (50 nM), E64D (2.5 lg/ml) and pepstatin A methyl ester (5 lg/ml). a Representative gel blots depicting Beclin-1, Atg7, Atg5, LC3B, ANP and GAPDH (loading control) using specific antibodies; b Beclin-1; c: Atg 7; d Atg5; e LC3B II/I ratio (steady-state autophagosomes); f ANP; g LC3B II/I ratio (cumulative autophagosomes) in response to ET-1 in the presence or absence of lysosomal inhibitors; and h p62 in response to ET-1 in the presence or absence of lysosomal inhibitors. Mean ± SEM, n = 4-6, *p \ 0.05 vs. control (Cont); within lysosomes with age depresses autophagic activity in aged cardiomyocytes and other postmitotic cells [9] . Second, aging-associated change in the integrity of the autophagosomal-lysosomal network as evidenced by our autophagosome cargo protein p62 data plays an essential role in the regulation of cardiac autophagy in aging [9, 16] . Last but not least, an aging-associated decline in AMPK activity in the hearts may also contribute to the reduced autophagy in aging hearts [40] . Data from our present study indicated that ET-1 suppressed autophagy, the effect of which may be reconciled by the ET A blocker BQ123. Although ET-1 has not been previously shown to directly regulate autophagy, one recent report indicated that ET-1-associated vascular injury may be alleviated by autophagy induction [52] , favoring an inverse relationship between ET-1 levels and autophagic activity, which is also supported by our current findings. Future study is warranted to better elucidate the precise mechanism of action behind ET-1 and ET A knockout-induced regulation of autophagy and stress in the heart. Our data revealed an elevated ET B receptor abundance in ET A knockout mice at young ages, coinciding with the notion that ET B receptor may become the dominant ET-1 receptor while ET A receptor may be dispensable for the maintenance of cardiac homeostasis [20] . However, the lack of responses from the ET B receptor antagonist BQ788 in cardiac aging as opposed to that elicited by the ET A receptor antagonist BQ123 does not favor a role of ET B receptor in aging-associated cardiac abnormalities. This is also in line with the upregulated ET A receptor express with Experimental limitation: Measurement of cardiac contractile performance in isolated cardiomyocytes has been established to provide a fundamental assessment of cardiac function in pathological states. However, as in any study of this nature, caution needs to be exercised when correlating cellular findings to whole heart function, as the latter is composed of heterogeneous cell types, including nerve terminals, fibroblasts and connective tissues. For example, the apparent discrepancy in the degree of reduction of contractile capacity between in vivo fractional shortening (*20 %) and in vitro peak shortening (*80 % at 5 Hz) may be attributed to different experimental settings.
In summary, our present study provides evidence, for the first time that ET A receptor knockout rescues against aging-induced cardiac hypertrophy and contractile dysfunction. Our data indicated that ROS production and a decline in autophagy (or autophagy flux) are likely involved in aging-and ET A receptor knockout-elicited changes in cardiac remodeling and function. Given that aging may be associated with reduced rate of formation of autophagosome, poor maturation and efficiency of autophagosome-lysosome fusion, as well as dampened proteolytic activity of lysosomes [7] , derangement in autophagy may contribute to cardiac aging through accumulation of cytosolic protein aggregates and defective mitochondria. Although our study sheds some light on the role of autophagy and autophagy flux in aging-induced cardiac geometric, functional and intracellular Ca 2? defects, the mechanism of action behind aging-associated defective autophagy and/or autophagy flux, accumulation of damaged mitochondria and increased ROS generation still deserves further investigation.
